A phospholipase specific for cardiolipin (CL) was found in the membrane of Haemophilus parainfluenzae. The enzyme hydrolyzed CL to phosphatidic acid (PA) and phosphatidylglycerol (PG), indicating that it was a phospholipase D (an enzyme activity believed to be confined to higher plants). In addition to its substrate specificity, this enzyme was unusual in its requirement for Mg,+ (Km of 1.3 mM) for maximal activity and its inhibition by chelating agents, heavy metals, some detergents, and organic solvents. When inhibitors of phospholipase activity were added to the growth medium, CL accumulated and PG disappeared in the membrane, suggesting that the phospholipase D was active in vivo. The activity of phospholipase D in cell-free homogenates was greater than expected from earlier studies of CL metabolism and greater than the other phospholipase activities detected in the homogenate. The high activity of the CL-specific phospholipase D suggests there might be a very active degradation of CL to PG and PA and an active resynthesis of CL from the hydrolysis products.
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In an earlier study (8) , an unusual phospholipase which hydrolyzed cardiolipin (CL) to phosphatidic acid (PA) and phosphatidylglycerol (PG) was detected in Haemophilus parainfluenzae. The enzyme is unusual in its specificity for CL and the fact that it is a phospholipase D (8) . Phospholipase D has previously been thought to be confined to higher plants. A surprising feature of the enzyme proved to be its very high activity, considering that CL accounts for only 3 to 5% of the total phospholipid and that CL has a relatively slow metabolism in pulse-chase experiments. Previous studies have shown that the CL loses half of the 32p and 14C from the middle glycerol in four bacterial doublings in exponentially growing cells (14) . The high enzymatic activity found in cell-free homogenates suggested that the rapid hydrolysis of CL was coupled with a rapid resynthesis from the hydrolysis products without great dilution from other pools.
MATERIALS AND METHODS Materials. Triton X-100 (t-octylphenoxy polyethoxy ethanol) was supplied by Rohm and Haas, Philadelphia, Pa.; Sarcosyl NL-30 (sodium lauryl sarcosinate) was supplied by Geigy Industrial Chemicals, Ardsley, N.Y., through the kindness of H. J. McElhone; Triton N-101 (nonylphenoxy polyethoxy ethanol), Tween 20 (polyoxyethylene sorbitan monolaurate), sodium dodecyl sulfate (SDS), hexadecylpyridinium chloride, sodium deoxycholate, bis-p-nitrophenylphosphate (B-PNPP), and ethylenediaminetetraacetate (EDTA) were supplied by Sigma Chemical Co., St. Louis, Mo. Other materials were supplied as described (8, 10, 14) .
Growth of bacteria. The growth of H. parainfluenzae as a source of phospholipases and Escherichia coli K-12 as a source of CL has been described (8) .
Enzyme preparation and assay. H. parainfluenzae was harvested and ruptured by ultrasonic vibration to form the cell-free homogenate used in most of the experiments reported (8) . The substrates were emulsified in 2% (w/v) Triton X-100 after their isolation from E. coli grown with 32p or 14C (8) . The chromatographic methods for the separation and analysis of the lipids have been described (8, 12) . Phospholipase D activity was based on the hydrolysis of CL to PA and PG. A typical reaction mixture contained: 100 ug of enzyme protein, 10 mM MgCl2, 0.07% (w/v) Triton X-100, 20 nmoles of CL (20,000 counts/min of 32P) in 50 mm potassium phosphate buffer (pH 7.5) in 0.5 ml. The mixture was incubated at 37 C for 30 min, and the lipids were extracted and separated by chromatography on silica gel-loaded paper, the lipids were located by autoradiography, and the radioactivity was determined (8) . The activity of phospholipases A and C in H. parainfluenzae were assayed after ammonium sulfate precipitation by a modification of a procedure developed previously (7) . Phospholipase A and C activities assayed after ammonium sulfate precipitation represented about 90% of the activity present in the 712 total homogenate. The reaction in 1 ml was stopped by adding 0.5 ml of 20% (w/v) trichloroacetic acid and 0.5 ml of 20% (w/v) sodium deoxycholate. After mixing with a Vortex mixer (Scientific Industries, Inc., Springfield, Mass.), the suspension was extracted with 5 ml of n-hexane. The mixing was then repeated and followed by centrifugation at 4,000 X g for 3 min. The hexane layer was recovered, and the 14C and 8P were determined. Reconstruction experiments indicated that 100% of added fatty acids or diglycerides and less than 2% of the phospholipids (also lysophospholipids) were recovered in the hexane in the presence of a final concentration of 5% sodium deoxycholate. The n-hexane-extractable products of phospholipid hydrolysis were identified as diglycerides and fatty acids by Silica Gel G thin-layer chromatography in a solvent system of petroleum ether (boiling point, 30 to 80 C)-diethyl ether-acetic acid (60:40:1, v/v) or chloroform-methanol-water (65:35:4, v/v). Reaction products formed after incubation with Bacillus cereus phospholipase C (diglyceride) and venom phospholipase A (fatty acids) were used as standards.
Phosphatidylserine (PS) decarboxylase activity was assayed by comparing the loss of PS to the increase in phosphatidylethanolamine (PE). The lipid extract was chromatographed in the two-dimensional, silica gelimpregnated paper system described (8) . The substrate consisted of PS-3-14C (Tracerlab, Waltham, Mass.) diluted with unlabeled PS (Applied Science Labs., State College, Pa.) suspended in 2% (w/v) Triton X-100. In the incubation mixture, 100 nmoles of PS (50,000 counts/min of 14C) was added to the homogenate as in the phospholipase D assay. Phosphodiesterase was assayed with B-PNPP in the presence of 10 mm MgCl2 (2) . Protein and phosphate were determined colorimetrically (3, 13) .
RESULTS
Phospholipase D activity. Previously, the products of the CL-specific phospholipase D activity in H. parainfluenzae were shown to be PA and PG (8) . The rate of the reaction was linear with protein concentrations up to 100 to 150 ,ug of protein ( Fig. 1) . At higher protein concentration, PA was degraded in 30 min of incubation. The enzyme activity was linear with time for 50 min in this assay system (Fig. 2) . The enzyme had a pH optimum between pH 7.5 and 8.0 (Fig. 3) SubceDular localization of phospholipase D. After sonic oscillation, the phospholipase D activity was much enriched in small membrane fragments which sedimented at 25,000 X g ( Table 2 ). Some activity remained in the supernatant, possibly attached to smaller membrane fragments since some cytochrome b can be detected in this fraction after prolonged sonic oscillation.
PS decarboxylase and phospholipases A and C activities. PS decarboxylase was active in the cellfree homogenate (Table 3 ). Diglyceride and free fatty acids were formed when phospholipids were incubated with a partially purified homogenate ( Phospholipase D activity in vivo. It was possible to inhibit phospholipase D activity in the cell-free homogenate (Table 1) . Radioactivity was incorporated into the fatty acids, glycerols, and phosphate of the phospholipids of H. parainfluenzae during 3.4 doublings, after which the cells were washed and suspended into nonradioactive medium; thus, the replacement of the radioactivity with unlabeled isotopes could be studied (Fig. 7) . During growth in nonradioactive medium, the CL lost about 5 % and the PG about 45 % of their radioactivities in 1 hr. The doubling time was 48 min. In the presence of 1 mM CuCl2, which inhibited phospholipase D activity in vitro by 87% and suspended in 2% Triton X-100 was added to 50 mM glycylglycine-NaOH buffer (pH 7.0) with 2.25 mg of protein in a final volume of 1 ml. The enzymes were prepared by sonic oscillation in the presence of 0.5% (w/v) sodium deoxycholate, centrifugation at 30,500 X g for 30 min, and precipitation of the supernatant with 22.8% ammonium sulfate. After a second centrifugation, the precipitate was utilized for enzyme assays. Samples were removed at intervals, trichloroacetic acid and deoxycholate were added, and the fatty acids and diglycerides were extracted with hexane. Thin-layer chromatography with Silica Gel G with a solvent of chloroform-methanol-water (65:35:4,v/v) was used to separate the fatty acids (RF 0.7) and the diglycerides (R, 1.0). CL-specific phospholipase D was assayed in the preparation after adding 10 mM MgCI2 (number in parentheses).
c PS decarboxylase was assayed as the rate of PS disappearence and PE appearence after separation by chromatography on silicic acid-impregnated paper (8) .
PG turnover remained about the same. In the presence of 1 mm ZnCl2, which inhibited phospholipase D activity 80% in vitro, the doubling time slowed to 150 min and CL accumulated about as rapidly as with CuCl2; the PG turnover, however, slowed to half its maximal rate. EDTA, which completely inhibited phospholipase D activity in vitro, stopped growth and caused an increase in CL from 5 to 15% and a decrease in PG from 11 to 3.5% of the total lipids in 1 hr.
DISCUSSION
The CL-specific phospholipase D activity of H. parainfluenzae required divalent metal ions for activity. The unusual substrate specificity (8) suggested the phospholipase D activity represented a nonspecific phosphodiesterase. Since B-PNPP did not inhibit phospholipase D activity (Table 1) and 100 jCi of glycerol-1,3-14C (U) or 100 pCi of H3uPO4 (a) and 100 ,uCi of acetate-1-14C (A) per 300 ml for 3.4 doublings. The acetate-1-14C labels the fatty acids ofthe phospholipids and the glycerol-i ,3-14C labels both the fatty acids and the glycerols (14) . After growth with 2P and 14C, the cells were washed and suspended in nonradioactive medium and allowed to grow for I hr. The nonradioactive medium was supplemented with I mms CuCl2, I mm ZnCI2, or I mm EDTA as indicated at the top of the figure. Samples were withdrawn at the beginning and end of the incubation in nonradioactive medium; the lipids were extracted, separated by two-dimensional chromatography on silica gel-loaded paper (8) , and located by autoradiography; and the proportions of 2P and 14C in the CL (middle curves) and PG (lower curves) were determined. The lipids contained between 2 X 106 and 9 X 105 counts/min of 2P and 3 X 104 and 15 X 104 counts/min of 14C. The upper curves represent the changes in bacterial density measured as the changes in absorbance at 750 nm (13) .
terase activities were clearly separated by gel filtration chromatography (Fig. 6) , the phospholipase D activity was characteristic of a true phospholipase. The H. parainfluenzae phospholipase D had additional properties that were not typical for other phospholipases. The specificity for CL was unusual. PE, PG, PA, and PS from either E. coli or H. parainfluenzae; phosphatidylcholine, phosphomono-and dimethylethanolamine from yeast; and ceramide phosphoryl glycerol, ceramide phosphoryl glycerol phosphate, and ceramide phosphoryl ethanolamine from Bacteriodes melaninogenicus were not hydrolyzed. Although the phospholipase D activity was inhibited by some heavy metals, cyanide, fluoride, ferric ions or iodoacetate had no effect on its activity (Table 1). Some detergents, SDS, hexadecyl-pyridinium chloride, and polyoxyethylene sorbitan monolaurate, were inhibitory although alkyl phenoxypolyethoxyethanols or sodium lauryl sarcosinate were stimulatory. Diethyl ether, which is usually required or at least stimulatory to phospholipase activity, inhibited the H. parainfluenzae phospholipase D activity as utilized in this study (Table 1) . A butanol treatment of this enzyme preparation also completely inactivated the enzyme. Addition of either a total lipid preparation from H. parainfluenzae or PE or PG that were suspended in Triton X-100 to the solvent inactivated enzyme did not restore activity. Calcium ions which activate many phospholipase activities were not stimulatory in the presence of 1 mM MgCl2 (Fig. 5) .
The phospholipase D activity has a requirement for a high Mg2+ ion concentration (Km of 1.3 mM). This high concentration is reasonable in vivo, since the calculated soluble Mg2+ concentration in E. coli is 4 mM (4) and other enzymes like DNA polymerase (9) or the amino acid-activating enzymes (1) require at least 1 mm Mg2+ for activity.
Phospholipase A has been shown to be membrane-bound in Mycobacterium phlei (6), suggesting its involvement in membrane function. The H. parainfluenzae phospholipase D activity was also enriched in membrane fragments after cell rupture (Table 2) , and a high Mg2+ ion concentration seems necessary for membrane stability (5) . In H. parainfluenzae, the chelating agent EDTA inhibited CL-specific phospholipase D activity (Table 1) caused an accumulation of CL and a loss of PG (Fig. 7) , and, when added to cells from the exponential growth phase suspended in tris(hydroxymethyl)aminomethane (Tris) buffer, caused a release of membrane fragments from viable cells (10) . The membrane fragments released from the cells in EDTA-Tris are particularly enriched in CL and to a lesser extent in PG when compared to the rest of the membrane (11) .
In pulse-chase experiments with exponentially growing cells, CL has a slow metabolism and is a minor lipid (3 to 5% of the total) in H. parainfluenzae (12) . The CL-specific phospholipase D has an unexpectedly high activity. This phospholipase D was more active than PS decarboxylase in homogenates (Table 3) , and PS decarboxylase forms the PE which comprises 78 to 85% of the total phospholipid (12) . At the Vmax, the CLspecific phospholipase D activity could degrade all of the CL in 1 or 2 min. Both phospholipase A and C activities were predicted from the turnover of PG and PE during exponential growth (14) . Phospholipase C activity with PG was expected to be four times more active than CL-hydrolyzing activity (14) . In the partially purified preparations necessary to demonstrate phospholipase A and C activities, the phospholipase D activity was a hundred times the maximal activities of phospholipase A and C thus far demonstrated ( Table 3) .
The CL-specific phospholipase D was active in vivo, as demonstrated by pulse-chase experiment with exponentially growing cells performed in the presence of enzyme inhibitors (Fig. 7) . As in previous experiments, 'IC and 32p in the fatty acids and glycerols were lost faster from PG than from CL in the chase period. If 1 mM CuCl2 were present, the growth rate was decreased by 10%, rate of loss of glycerol from PG was decreased by 10%, and CL was accumulated. In the presence of 1 mm ZnC12, there was a doubling of the generation time, a doubling of the turnover time for PG, and, again, an accumulation of CL. In the presence of 1 mm EDTA, growth stopped, CL accumulated (an increase of 10% in the 14C-glycerol) accompanied by an almost equal loss of PG (8% loss of "4C-glycerol) (Fig. 7) . In vitro, 1 mM CuCl2, ZnCl2, and EDTA inhibited phospholipase D VOL. 104, 1970 activity by 87, 80, and 100%, respectively, and each of these caused an accumulation of radioactivity in CL in exponentially growing H. parainfluenzae. CuCl2 and ZnCl2, which slow the growth rate, also slow the turnover of PG. EDTA, which completely inhibited growth and phospholipase D activity, caused a rapid accumulation of CL, matched by a similar decrease in PG. This evidence strongly suggests that the CL-specific phospholipase D is functioning in vivo and that the rate of turnover of CL determined in a classic pulse-chase experiment is a gross underestimation of the true rate. The underestimation is because of recycling activity between PG and CL. CL must have a high rate of metabolism and is both formed from and contributes to the PG pool. Since the PG pool is so large, the rapid metabolism of CL cannot be detected in classical pulse-chase experiments. Possible reactions are indicated in Fig. 8 . The phospholipase D forms PA and PG from CL (reaction 1, Fig. 8 ). The PA can be transformed into PE, PG, or CL, and the PG into CL via cytidine diphosphate diglyceride (reactions 2 to 4, Fig. 8 ).
The membrane localization of the CL-specific enzyme, the apparent high rate of CL metabolism, and the fact that the CL apparently is concentrated in the 50S portion of the ribosome (K. F. Hedden and E. Cundliffe, Bacteriol. Proc., 1970, p. 66) makes further understanding of the function of this enzyme imperative.
